INTRODUCTION
============

Maturation of mitochondrial pre-mRNAs in kinetoplastid species including *Trypanosoma* and the evolutionarily distant *Leishmania* involves three-step cycles of uridylate insertion or deletion at many editing sites (ESs). Multisubunit editing complexes switch between insertion and deletion modes as editing progresses with a general 3′-to-5′ polarity. The multisubunit composition and function of editing complexes is currently under intense study \[for reviews see ([@b1]--[@b3])\], and their interactions with editing substrates have not been identified. Each editing cycle, directed by partially complementary mitochondrial guide RNAs (gRNAs), entails three basic consecutive catalytic steps: first, pre-mRNA cleavage; second, 3′ terminal processing of the upstream piece by either nucleotide addition mediated by terminal U transferase 'TUTase' (in insertion), or nucleotide removal by a U-specific exonuclease (in deletion); finally, mRNA resealing by ligation ([@b4]--[@b7]). Apart from these basic catalytic steps, annealing and unwinding steps are also likely involved ([@b8],[@b9]). The most evident landmarks of deletion or insertion ESs are unpaired mRNA uridylates or unpaired gRNA purines, respectively. Site-specific mutagenesis affecting the ES or adjoining residues, particularly their potential for mRNA/gRNA pairing can significantly impact the specificity and efficiency of full-round and partial ('pre-cleaved') editing ([@b10]--[@b12]). In trypanosomes, it is generally accepted that natural ESs lie between two flanking duplexes: a proximal upstream duplex formed by a pre-mRNA 5′ purine-rich and gRNA 3′ poly(U) sequences ([@b4],[@b7],[@b13],[@b14]), and an adjacent pre-mRNA/gRNA downstream 'anchor' duplex that directs cleavage ([@b4]--[@b7]). Site-specific mutagenesis of the gRNA 3′ region, to artificially stabilize the upstream duplex, can enhance full-round editing *in vitro* ([@b10],[@b15]). In *Leishmania*, the need for such upstream duplex remains somewhat controversial ([@b16],[@b17]).

Trypanosome full-round deletion and insertion are currently studied *in vitro* using substrates representing fragments of the pre-edited domain in two mRNAs encoding ATPase subunit 6 (A6) and apo-cytochrome *b* (CYb) ([@b7],[@b11],[@b15],[@b18]). The natural A6 pre-mRNA contains numerous insertion and deletion ESs, but only ES1 and ES2 are currently used to analyze full-round deletion and insertion *in vitro*, respectively. A6 substrates between 65 and 72 nt long have been used ([@b7],[@b11],[@b18]). In contrast, CYb pre-mRNA exclusively contains insertion ESs, of which only ES1 has been analyzed *in vitro* using a CYb 55 nt substrate ([@b15]). The influence of pre-mRNA structural properties, such as substrate composition, folding and potential *cis*-elements on full-round insertion and deletion, has not been systematically characterized in trypanosomes. This is of interest because the two kinds of editing in a common complex may be differentially regulated, as they involve separate activities and enzymes, and there is evidence for their physical separation in the complex ([@b19]--[@b23]). Also, different gRNA features appear to be required for deletion and insertion ([@b10],[@b12],[@b24]). Thus, it is feasible that editing complex interactions with a processing site and its environs differs between the two editing types.

Here, we have analyzed the effect of substrate minimization on full-round insertion and deletion at natural and converted sites in different substrates. Our studies comparing catalysis by moderately and significantly enriched editing complexes show that, at least for some substrates, the latter are more sensitive to substrate minimization. This suggests that one or more associated RNA-binding activities are sensitive to the overall size of mRNAs, and also to stringent purification of the complexes. Substrate minimization had significantly distinct effects on insertion and deletion, and the extent and direction of such effects varied among substrates. This implies that editing complexes are quite sensitive to RNA context. We also show for first time that natural sites can be converted in either direction, from deletion to insertion and *vice versa*. Such site conversion not only allowed comparison of both types of editing at specific sites during substrate minimization, but also underscores the basic nature of the RNA determinants that direct complexes to carry out full-round insertion or deletion.

MATERIALS AND METHODS
=====================

Pre-mRNA and gRNA substrates
----------------------------

The ATPase 6 (A6) and CYb (CYb) pre-mRNA substrates used for full-round insertion at ES2 and ES1, respectively, are derived from the A6AC and CYb anchor substrates, and enhanced gRNAs, originally described by Igo *et al*. ([@b11],[@b15]). gCYb\[558\]USD was modified to direct +3U insertion, and all A6 mRNA constructs used pre-edited ES1 to increase the stability of the downstream duplex. All RNAs were transcribed using the Uhlenbeck single-stranded T7 transcription method ([@b25]) and gel purified. Converted ESs in A6, CYb and RPS12 were engineered on natural pre-mRNA sequences paired with enhanced gRNAs ([@b10],[@b11],[@b15]). All DNA templates below (except for PCR primers) are 3′ extended with the T7 promoter complementary strand: TATAGTGAGTCGTATTA. The number of each RNA product is indicated.

\(1\) GATGCCAGGTAAGTATTCTATAACTCCAAAAT CAGTACTTTCCCTTTCTTCTCTCCTCCCCCTAACCTTTCC; (2) GGAAAGGUUAGATGCCAGGTAAGTATTCTATAACTCCAAAATCAGTACTTTCCCTTTCTTCTCTCCTCCCCC; (3) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTCTCTCCTCCCCCTAACCTTTCC; (4) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTCTCTCCTCCCCC; (5) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTCTCTCCTCCC; (6) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTCTCTCCC; (7) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTCTCC; (8) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTC; (9) CTATAACTCCAAAATCAGTACTTTCCCTTTCTTCAAAGAAAGAGCCC; (10) GATGCCAGGTAAGTATTCTATAACTCCAAAATCAGTACTTTCCCTTTCTTC; (11) GATGCCAGGTAAGTATTCTATAACTCCAAAATAAACAGTACTTTCCCTTTCTTCTCTCCTCCCCCTAACCTTTCC; (12) GATGCCAGGTAAGTATTCTATAACTCCAAAATAAACAGTACTTTCCCTTTCTTCTCTCCTCCCCC; (13) CTATAACTCCAAAATAAACAGTACTTTCCCTTTCTTCTCTCCTCCCCCTAACCTTTCC; (14) CTATAACTCCAAAATAAACAGTACTTTCCCTTTCTTCTCTCCTCCCCC; (15) CTATAACTCCAAAATAAACAGTACTTTCCCTTTCTTCTCTCCTCCCCCACAAAAACAAACGCCGC; (16) ACACAACAACAACACACCTATAACTCCAAAATAAACAGTACTTTCCCTTTCTTCTCTCCTCCCCC; (17) For.primer: ATTTAGGTGACACTATAGTTAAGAATAATGGTTATAAATTTTA.Rev.primerCTGACATTAAAAGACCCTTTC; (18) For.primer: TAATACGACTCACTATAGAATAAATTTTATATAAAAGCG, Rev.primer: CTGACATTAAAAGACCCTTTC; (19) For.primer: TAATACGACTCACTATAGAAAATATAAAAGCGG, Reverse primer: same as above; (20) CTGACATTAAAAGACCCTTTCTTTTTTCTCCGCTTTTATATTC; (21) CTGACATTAAAAGACCCTTTCTTTTTTCTCCGCTTTTATC; (22) CTGACATTAAAAGACCCTTTCTTTTTTCTCCGCTTTC; (23) CTGACATTAAAAGACAAAACCTTTCTTTTTTCTCCGCTTTTATATAAAATTTATAACCATTATTCTTTCC; (24) For.primer: TAATACGACTCACTATAGAATAAATTTTATATAAAAGCGG, Rev.primer: CTGACATTAAAAGACAAAACCTTTCTTTTTTC; (25) For.primer: TAATACGACTCACTATAGAAAATATAAAAGCGG, Reverse primer: same as above; (26) CTGACATTAAAAGACAAAACCTTTCTTTTTTCTCCGCTTTTCTC; (27) CTGACATTAAAAGACAAAACCTTTCTTTTTTCTCCGCTTC; (28) CTGACATTAAAAGACAAAACCTTTCTTTTTTCTCCC; (29) TAAAACATATCTTATCCTAAAATCTCTTCTAAACGATGTTTCTTTAACCAAAACAAAGGGTTCCCCCACC; (30) Forward primer: GTAATACGACTCACTATAGGAATAAAAGG, Reverse primer: TAAAAACTAATCTTATCCTAAAATCTCTTC. DNA template: sheared DNA clone 7H20 was a kind gift from Najib M.ELSayed. (31) TAAAACATATCTTATCCTTCGCTTCTAAACGATGTTTCTTTCTCCTATATGGAGTCGTATTA.D43(0,4)ES2:AAAGAAAGGGAAAACAAAAAGATCTCGGAGTTATAGTATATCC;gCYb.Ins3:AAAGCGGAGAAAAAATTCACATTTGTCTTTTAATGTCAGTCCCTATAGTGAGTCGTATTA;gCYb.D39.1GGAGAAAAAAGAAAAAAGTGTCTTTTAATGTCAGTCCCTATAGTGAGTCGTATTA; gRPS12.D39:ACATCGTTTAGAAAAAGGGTAGGATAAGATATATTTACC: gRPS12 I42.4:GAAAGATCGTTTAAAATTAATTTAGGATAAGATATATTTACC.

Preparation of crude mitochondrial extracts and enrichment of editing complexes
-------------------------------------------------------------------------------

Procyclic *Trypanosoma brucei* strain TREU667 was grown in Cunningham media, and mitochondrial extracts were prepared as described previously ([@b26],[@b27]). Mitochondrial crude extract purified by Q-Sepharose ion exchange chromatography, or further purified by DNA-cellulose ion exchange chromatography to seven-major silver-stained components of editing complexes, was described previously ([@b28]). The elution fractions with the peak of editing activity were used in each case as indicated in the text (Q fractions and D fractions). The differences in activity by Q and D fractions described is this study were reproduced.

Editing and quantification analysis
-----------------------------------

Full-round U deletion and U insertion were performed as described by Cruz-Reyes *et al*. ([@b19]). Briefly, 3′ end-labeled pre-mRNA (∼10 fmol) and gRNA (∼1.25 pmol) were pre-annealed and incubated in 10 mM-MRB buffer \[10 mM Mg(OAc)~2~, 10 mM KCl, 1 mM EDTA, pH 8, 25 mM Tris--HCl, pH 8 and 5% glycerol\]. Insertion reactions were supplemented with 150 µM UTP and 3 µM ATP. Deletion reactions were supplemented with 3 mM AMP-CP and 30 µM ATP. Aliquots containing 20 µl editing reactions, including 2 µl of peak editing fraction, were incubated at 26°C for 60 min. Upon incubation, the RNA was deproteinized and resolved in 9% acrylamide, 8 M urea gels. Data were visualized by phosphorimaging and/or X-ray autoradiography. Quantification of editing products was performed using a STORM PhosphorImager (Image Quant 5.0, Molecular Dynamics). Each panel in these figures corresponds to one of two replica series performed simultaneously (i.e. one experiment). At least two independent experiments were performed for each figure and the data shown is representative. The editing activity varied between protein preparations, but the relative efficiency of the constructs was consistently observed. The abundance of accurately edited product for each construct tested was initially calculated as the percentage of total input RNA and then normalized to the abundance of the corresponding product with the most active substrate identified. Mean and error bars were plotted on a linear scale.

RESULTS
=======

A6 insertion and deletion editing
---------------------------------

The influence that pre-mRNAs features may have on editing efficiency, including potential *cis*-elements, substrate composition and RNA folding, have not been systematically studied. We began analyzing the contribution of upstream and downstream pre-mRNA features, by performing gradual terminal truncations on an A6 72 nt substrate (RNA1, which includes the 3′-most 26 ESs) paired to a gRNA that directs 3U insertion at the natural ES2 ([Figure 1A](#fig1){ref-type="fig"}). In these studies, we used catalytic complexes that were enriched by Q-Sepharose ion-exchange chromatography ('Q fraction'), or complexes that were significantly purified by consecutive Q-Sepharose and DNA-cellulose chromatography ('D fraction'), as previously reported ([@b28]).

Deletions of 10 nt from the 5′ end (62 nt RNA2), 17 nt from the 3′ end (55 nt RNA3) or both combined (45 nt RNA4) supported accurate 3U insertion, with both Q and D fractions ([Figure 1B](#fig1){ref-type="fig"}, lanes 1--4 and 5--8, respectively). Quantification of accurate 3U insertion products showed that editing with the 45 nt RNA4 was ∼2-fold more efficient than with the parental 72 nt RNA1 ([Figure 1C and E](#fig1){ref-type="fig"}). The abundance of accurately edited product for each construct tested, was initially calculated as the percentage of total input RNA and then normalized to the abundance of the corresponding product with the most active substrate identified. Mean and error bars from two experiments were plotted on a linear scale.

The 45 nt RNA4 has 30 nt (including 27 purines) upstream and 15 nt downstream of ES2. Interestingly, progressive 5′ truncations of this substrate (43 nt RNA5, 40 nt RNA6, 37 nt RNA7 and 34 nt RNA8) showed quantitatively different inhibitory effects with the Q and D fractions. 3U insertion was moderately reduced with decreased template length in the Q fraction ([Figure 1D](#fig1){ref-type="fig"}, lanes 1--5; and [Figure 1C](#fig1){ref-type="fig"}). However, with the D fraction, increased truncation of the template had a more dramatic effect ([Figure 1D](#fig1){ref-type="fig"}, lanes 6--10; and [Figure 1E](#fig1){ref-type="fig"}), and no 3U insertion was detected with the shortest 34 nt template ([Figure 1D](#fig1){ref-type="fig"}, lane 10; and [Figure 1E](#fig1){ref-type="fig"}). Notably, the 45 nt RNA4 and shorter constructs are capable of forming the same upstream and downstream duplexes with gRNA and exhibit the same Δ*G* ([Figure 1A](#fig1){ref-type="fig"}), and the observed gradual drop in insertion parallels the extent of upstream sequence truncation. Thus, an ∼45 nt A6 substrate is optimal for insertion at ES2 in both Q and D fractions, and the significant inhibition of insertion with shorter constructs may reflect, at least in part, loss of stimulatory *cis*-features (e.g. purine-richness) or a more general property, such as overall length or folding.

To distinguish between these possibilities we extended the 34 nt RNA8, that is inactive in the D fraction, either with an artificial upstream pyrimidine run (47 nt RNA9) or its natural downstream pyrimidine-rich sequence (51 nt RNA10). Note that the size of these two constructs is similar to the efficient 45 nt RNA4, although their predicted structure is 3- to 4-fold more stable (see Δ*G*s in [Figure 1A](#fig1){ref-type="fig"}). Both pyrimidine-rich extensions reestablished editing to at least 50% of the maximal level with RNA4 ([Figure 1F and G](#fig1){ref-type="fig"}). This suggests that reduced purine-richness was not the cause of substrate inactivation. Consistent with this notion, a 3′ polypurine extension reestablished editing to a level comparable with the pyrimidine-extensions (data not shown).

Interestingly, shortening of the A6 substrate caused significant reduction in the ratio of 3U to 1U insertion ([Figure 1D](#fig1){ref-type="fig"}). In the case of the smallest 34 nt RNA8, 1U insertion was the major product in the Q fraction (lane 5), and the only detectable product in the D fraction (lane 10). This effect is more evident in the Q fraction. We are currently addressing the mechanistic reasons for this apparent reduction in insertion fidelity.

Combined, the data above indicate that for *in vitro* A6 insertion at ES2, an ∼45 nt long substrate is optimal, and neither specific composition (upstream and downstream of the 34 nt RNA8 sequence) nor potential pre-mRNA folding prior to gRNA pairing appears critical. The particularly dramatic inhibitory effect of template shortening in the D fraction may be due to loss of relevant protein factors in the purified editing complexes.

We next decided to compare the effect of A6 pre-mRNA minimization between insertion and deletion. In nature, insertion or deletion occur at separate ESs. Instead of analyzing different ESs, we considered the possibility of using a single pre-mRNA site to directly compare full-round insertion and deletion, i.e. a site in a natural or artificially converted form (i.e. from deletion to insertion or *vice versa*). Previous reports have shown that A6 and CYb ESs can be converted at least at the cleavage step ([@b19],[@b26]), and substrates for partial 'pre-cleaved' editing efficiently support the second and third enzymatic steps ([@b15],[@b24]), suggesting that relatively simple ES determinants may govern a complete editing cycle. Indeed, A6 (insertion to deletion) conversions have been used to establish multi-site full-round editing substrates (J. Cruz-Reyes, A. Zhelonkina and B. Sollner-Webb, unpublished data), but opposite conversions (deletion to insertion) had not been possible. Conversion of natural ESs in both directions would enable direct comparisons of full-round insertion and deletion 5′ of a common pre-mRNA/gRNA downstream 'anchor' duplex. To this end, we introduced three uridylates at ES2 in the 72 nt RNA1 (generating 75 nt RNA11, [Figure 2A](#fig2){ref-type="fig"}), as well as appropriate gRNA changes to preserve single-strandedness of the targeted uridylates and other residues between the duplexes, as well as weak paring of proximal pairs in the upstream duplex ([@b10]). Both RNA11 and parental RNA1 form the same upstream and downstream duplexes with gRNA, so that the two substrates differ only in the structure of the internal loop ([Figure 2B](#fig2){ref-type="fig"} shows the sequence changes). [Figure 2C](#fig2){ref-type="fig"} shows that the converted RNA11 supported accurate 3U deletion, thus enabling analysis of the same truncations in RNAs 2, 3 and 4 (compare with RNAs 12, 13 and 14; [Figures 1A](#fig1){ref-type="fig"} and [2A](#fig2){ref-type="fig"}). Notably, deletion at both converted and natural sites was optimal in presence of mM concentrations of an adenine ribonucleotide ([@b19]) (data not shown).

We found that the above mutations similarly affected deletion in both Q and D fractions ([Figure 2C--E](#fig2){ref-type="fig"}). Interestingly, the 75 nt RNA11 was quite efficient for ES2 deletion, and an upstream 10 nt resection (65 nt RNA12) had a limited effect. In contrast, a downstream 17 nt resection (58 nt RNA13) inhibited deletion by ∼50%, and both truncations combined (48 nt RNA14) were strongly inhibitory. Notably, the predicted folding stability of the latter construct is nearly half of the 65 nt RNA12, and about one-third of the 75 nt RNA11. Furthermore, terminal extensions of the inactive 48 nt RNA14 with (either 5′ or 3′) artificial pyrimidine-rich sequences (65 nt RNA15 or 65 nt RNA16) re-established efficient deletion ([Figure 2F](#fig2){ref-type="fig"}). Control reactions devoid of gRNA confirmed the position of the deletion products (data not shown). Dots indicate sites of spontaneous breakage typically at U positions.

Together, the data in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} indicate that in both Q and D fractions, the optimal A6 substrate for ES2 insertion was about 20 nt shorter than for ES2 deletion (45 nt RNA4 and 65 nt RNA12, respectively, in [Figures 1B](#fig1){ref-type="fig"} and [2B](#fig2){ref-type="fig"}). Strikingly, while the 45 nt RNA4 is the most efficient insertion substrate, the comparable 48 nt RNA14 failed to support deletion. Furthermore, our analysis suggests that distal A6 pre-mRNA composition (beyond the sequence of the shortest RNA analyzed) and folding stability may influence, but are not critical for, efficient ES2 insertion and deletion.

CYb insertion and deletion editing
----------------------------------

To determine whether the observed size differences in minimal substrates for A6 deletion and insertion are specific to this pre-mRNA transcript, or are shared in other substrates, we analyzed the CYb model system. To this end, we started with a 66 nt pre-mRNA/gRNA pair for insertion at ES1, originally described by Igo *et al*. \[RNA17 in [Figure 3A](#fig3){ref-type="fig"}; ([@b11])\]. This substrate contains the entire editing domain (including 13 ESs), which only supports insertion *in vivo*. In both Q and D fractions, a 14 nt upstream resection (52 nt RNA18) and a 21 nt resection (45 nt RNA19) caused a gradual decrease in insertion ([Figure 3](#fig3){ref-type="fig"}). In contrast, a 45 nt template for A6 insertion (RNA4) was optimal in both Q and D fractions ([Figure 1](#fig1){ref-type="fig"}). In further 5′ truncations, the 43 nt RNA20 is similarly efficient as the 45 nt RNA19, whereas the 40 nt RNA21 and 37 nt RNA22 were significantly inhibited in both Q and D fractions ([Figure 3C and D](#fig3){ref-type="fig"}). The shortest substrate appeared inactive in the D fraction, and only ∼10% active in the Q fraction. All plotted quantifications are the average of two independent experiments, each one including replica series (see material and methods). All pre-mRNA constructs tested have similar predicted folding stability ([Figure 3A](#fig3){ref-type="fig"}). Thus, we observed efficient CYb insertion in the Q and D fractions with 52 nt and 66 nt substrates (RNA18 and RNA17, respectively). In contrast with CYb insertion, A6 insertion was quite efficient with a shorter 45 nt substrate (RNA4) but relatively inhibited with larger substrates ([Figure 1B and C](#fig1){ref-type="fig"}). This difference between the two substrates suggests that editing complexes are sensitive to transcript-specific features, in addition to absolute substrate size.

*In vivo* CYb editing only involves insertion; however, it is unknown whether or not the CYb transcript is intrinsically resistant to deletion. To address this question, we attempted artificial conversion of the 66 nt RNA17 by introducing uridylates at ES1 (generating 70 nt RNA23, [Figure 4A](#fig4){ref-type="fig"}) and corresponding gRNA sequence changes to mimic a deletion site ([Figure 4B](#fig4){ref-type="fig"} details the changes). Notably, this construct supported accurate gRNA-directed 3U deletion at the converted ES1 ([Figure 4C](#fig4){ref-type="fig"}, lane 1); therefore, the CYb substrate is not intrinsically resistant to deletion editing. This CYb deletion construct allowed us to test the upstream resections ([Figure 4A](#fig4){ref-type="fig"}) previously analyzed for CYb insertion. In the Q and D fractions, 14 and 21 nt resections (56 nt RNA24 and 49 nt RNA25, respectively) have relatively small effects. In further 5′ truncations, a 44 nt RNA26, 41 nt RNA27 and 36 nt RNA28 were less efficiently processed in both protein preparations. The shortest construct did not exhibit visible editing in the D fraction ([Figure 4E](#fig4){ref-type="fig"}, lane 8). Thus, CYb deletion is quite efficient with a ∼49 nt substrate on average in both Q and D fractions. In contrast, A6 deletion was significantly inhibited with the equivalent 48 nt RNA14 in both Q and D fractions. Interestingly, CYb insertion and deletion exhibited similar profiles of editing activity relative to substrate size (compare plots in [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). This could be a reflection of the natural substrate not being exposed to selection pressures associated with deletion editing. Thus, the optimal substrate for deletion differs between A6 and CYb. Such differences in deletion, together with the insertion differences described above, further suggest that pre-mRNA size and nucleotide composition affect editing efficiency in a transcript-specific manner.

RPS12 insertion and deletion editing
------------------------------------

The only model substrates currently used to study trypanosome full-round RNA editing *in vitro* are A6 and CYb. We decided to apply the current understanding of these two systems to establish an RPS12 pre-mRNA (which encodes the mitochondrial ribosomal protein, subunit 12) substrate for both insertion and deletion editing. To this end, we tested a 70 nt RNA29 sequence, as well as a longer 112 nt RNA30 and shorter 55 nt substrate ([Figure 5A](#fig5){ref-type="fig"}) (data not shown). These transcripts were annealed to a complementary gRNA designed to direct 3U deletion at the natural ES2. Interestingly, the largest substrate was most efficient, despite its significant predicted folding stability ([Figure 5A](#fig5){ref-type="fig"}), and the shorter 70 nt RNA30 and 55 nt RNA (data not shown) exhibited corresponding decreasing efficiency in both Q and D fractions ([Figure 5C](#fig5){ref-type="fig"}) (data not shown).

So far we showed conversion from insertion to deletion. To determine if the opposite conversion can be performed (i.e. from deletion to insertion), we altered the natural deletion ES2 in RPS12 to mimic an insertion site, similar to the natural CYb ES1 and A6 ES2 ([Figure 5B](#fig5){ref-type="fig"}). Based on our A6 and CYb analysis, we tested a 43 nt construct with a complementary gRNA design directing 3U insertion. This RNA pair forms a potential ligation 'bridge' with residues adjoining the ES, which stimulates insertion but is dispensable for deletion ([@b10],[@b12],[@b15]). Also, it favors single-strand character of residues between the duplexes, and enables weak pairing at the 3′ end of the upstream duplex, as in deletion sites ([@b10],[@b15]). As predicted, the resulting 43 nt RNA31 supported accurate 3U insertion in both Q and D fractions ([Figure 5D](#fig5){ref-type="fig"}) (data not shown). Longer 51 nt and shorter 40 nt RNAs appeared slightly more and less efficient, respectively (data not shown). The absolute percent of correctly edited product with the novel RPS12 substrates reported here varied between experiments and protein preparations, but generally ranged between 5 and 10% of remaining pre-mRNA input.

Thus, RPS12 substrates were established for full-round deletion and insertion. Furthermore, the conversion of a natural deletion site into an insertion site confirms that all genetic information that commit editing complexes to carry out full-round deletion or insertion resides within the ES and suggests that such information can be manipulated to reprogram the mode of the editing machinery at virtually any natural site.

DISCUSSION
==========

In this study, we defined minimal pre-mRNAs substrates for full-round insertion and deletion at specific ESs, and systematically assessed the contribution of distal regions on editing efficiency. We compared editing with complexes moderately enriched by Q-Sepharose (peak editing fraction, 'Q fraction') or significantly enriched by consecutive Q-Sepharose and DNA-cellulose (peak fraction, 'D fraction') columns ([@b28]). Three different model transcript substrates were analyzed, A6, CYb and RPS12 (the latter established in this study). Interestingly, in some reactions, substrate shortening caused greater inhibition of insertion activity in the D fraction than in the Q fraction (e.g. see [Figures 1D](#fig1){ref-type="fig"} and [4E](#fig4){ref-type="fig"}), suggesting that stringent purification of editing complexes causes partial loss or inactivation of a relevant RNA-binding activity. Furthermore, at least in the case of A6, substrate shortening negatively affected the fidelity of insertion ([Figure 1D](#fig1){ref-type="fig"}, compare lanes 1 and 5, or 6 and 10). Our proposed loss of a relevant factor upon extensive purification of editing complexes may explain why some protein preparations by other laboratories support efficient pre-cleaved editing (using short substrates), but not full-round editing reactions.

The best substrate size identified for each transcript analyzed was similar in both Q and D peak fractions (e.g. A6 insertion was best with a ∼45 nt substrate in both protein preparations); however, significant differences between deletion and insertion were observed: ∼45 and ∼65 nt A6 substrates were best for insertion and deletion, respectively ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}), and longer substrates were somewhat less efficient in deletion. Notably, in contrast to our optimized ∼45 nt insertion substrate, the corresponding 48 nt deletion substrate (with 3Us at ES2 accounting for the size difference) was strongly inhibited ([Figure 2D and E](#fig2){ref-type="fig"}).

In the case of CYb editing, insertion was most efficient with a 66 nt transcript ([Figure 3](#fig3){ref-type="fig"}) ([@b15]), whereas deletion was best with 49 and 56 nt substrates ([Figure 4](#fig4){ref-type="fig"}). Significantly larger CYb insertion substrates (∼80 and 100 nt long) are somewhat less efficient (data not shown). The molecular basis of these differences between deletion and insertion in the same substrate, and between the two substrates, is presently unclear. They may reflect the complexity of substrate recognition due to the proposed partition of functions associated with insertion and deletion in editing complexes, and the evidently large diversity of nucleotide sequences proximal and distal to sites encountered by editing complexes. Thus, it is feasible that one or more relevant RNA--protein recognitions differ between full-round insertion and deletion. Furthermore, such interactions appear to be significantly influenced by transcript-specific features in and around editing sites.

Purine-rich regions typically found upstream of editing sites have been proposed to anneal with natural gRNA 3′ (poly)U tails ([@b4],[@b7]), and structural studies in trypanosomes have confirmed this interaction ([@b14]). Whether or not purine-rich regions or other pre-mRNA features exhibit additional *cis*-acting functions has not been determined in trypanosomes. In *Leishmania*, ND7 and CYb pre-mRNA substrates that are devoid of natural purine-rich regions are functional, although the presence of an uncharacterized small 5′ determinant near the ND7 editing site was proposed ([@b17],[@b29]). Furthermore, a separate 34 nt A/U element, in CYb pre-mRNA, appears to modulate gRNA-directed, and induces gRNA-independent, insertion ([@b30]). In our current study, inactivating resections of the A6 upstream purine-rich region were rescued by pyrimidine-rich extensions. Similarly, inactivating downstream resections can be rescued by heterologous sequences. This indicates that the specific sequence and purine-richness of the truncated A6 regions have little if any modulatory functions. Whether more proximal 5′ and 3′ sequences (not dissected in this study) bear specific determinants remains to be analyzed. Our *in vitro* analysis of CYb has not revealed yet the presence of critical *cis*-elements in substrates up to 100 nt long (this work and data not shown), but further studies may be necessary.

Based on our observations with the A6 and CYb systems, we established RPS12 substrates for deletion and converted insertion at ES2. Interestingly, an ∼100 nt long RSP12 substrate supports the best deletion level thus far, and shorter substrates (70 nt and 55 nt long; [Figure 5C](#fig5){ref-type="fig"} and data not shown) are correspondingly less efficient. Similar to the A6 system, we obtained efficient insertion with shorter substrates (∼43--50 nt long, [Figure 5C](#fig5){ref-type="fig"}) (data not shown) than those needed for optimal deletion. We suspect that efficient model substrates of transcripts naturally undergoing both types of editing and deletion may be shorter for insertion than for deletion. CYb may be an exception as this transcript has not been exposed to natural pressures imposed by deletion editing.

Finally, the effect of pre-mRNA minimization on full-round deletion and insertion was directly compared at natural and artificially converted sites in three different substrates. Such conversions were performed in both directions: from deletion to insertion and from insertion to deletion, thus confirming expectations that the type of editing is exclusively determined by mRNA and gRNA residues within the ES ([@b19],[@b26]). Importantly, both natural and converted sites for full-round deletion studied here exhibited the reported \[mM\] adenine ribonucleotide requirement for optimal cleavage. In contrast, both natural and converted insertion sites do not require such \[mM\] adenine ribonucleotide supplement ([@b19]). Thus, both the type of editing and associated nucleotide requirements were converted. Sites for partial (pre-cleaved) deletion and insertion editing have also been established on significantly altered pre-mRNA sequences ([@b15],[@b24]). Site conversion within the CYb editing domain appears surprising as this substrate is only known to undergo insertion *in vivo*. If the CYb editing domain is not intrinsically refractory to U deletion, inserted or genomically encoded Us may be occasionally removed by 'misguiding' ([@b31]), or by proofreading cycles (to eliminate extra U insertions) with cognate gRNAs. It is also conceivable that the natural substrate (1151 bases) uses specialized features, and/or CYb-specific binding factors to downregulate deletion functions of bound complexes.
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![Mutagenesis of A6 pre-mRNA for full-round insertion at ES2. (**A**) The starting 72 nt RNA1 is a derivative of the reported 53 nt A6AC substrate ([@b15]) bearing a 3′ natural extension and pre-edited ES1. The derived constructs used in this study are aligned underneath. Purines are in black and pyrimidines in red. The gRNA gA6\[14\]USD-3A \[([@b15]); lower strand in blue\] was paired with all constructs. The ES2 (arrowhead) and predicted stability (kcal/mol; 3.0 Mfol, M. Zuker) of upstream and downstream duplexes with gRNA are indicated. The Δ*G* of the downstream duplex for RNAs 1, 2 and 10 is −21.5, and for RNAs 3--9 is −18.0. On the left, the pre-mRNA assigned number, size and Mfol predicted stability of the pre-mRNA alone are indicated. (**B**, **D** and **F**) A6 full-round insertion assayed with the indicated peak editing fractions from either Q-Sepharose ('Q') or consecutive Q-Sepharose and DNA-cellulose columns ('D'), and 3′ end-labeled pre-mRNA constructs. The pre-mRNA size and assigned number (in parentheses) are indicated \[e.g. 72(1) is 72 nt RNA1\], as well as accurately edited +3U RNA (open arrowhead). Inaccurate +1U RNA is also indicated when it is the major product (filled arrowhead). Dots indicate sites of spontaneous RNA breakage, typically at U positions. All editing products were confirmed in reactions +/− gRNA (data not shown). (B and D) Constructs with serial truncations are shown, and (F) functional derivatives of (the otherwise inactive) 34 nt RNA8 are shown. (**C**, **E** and **G**) Plots of relative abundance of +3U RNA for all tested constructs normalized to the efficient 45 nt RNA4 substrate in Q (C) or D (E and G) peak fractions, respectively. Standard deviation of two parallel experiments are indicated, as well as the mean (continuous line).](gki943f1){#fig1}

![Mutagenesis of A6 pre-mRNA for full-round deletion at converted ES2. (**A**) The starting 75 nt RNA11 is similar to 72 nt RNA1 in [Figure 1A](#fig1){ref-type="fig"} but with three extra Us at ES2 to create a 3U deletion site. Derivative mutants are aligned underneath. The gRNA (lower strand in blue) was also modified to mimic a deletion site. All labeling is as in [Figure 1A](#fig1){ref-type="fig"}. The inhibited 48 nt RNA14 forms a shorter downstream duplex (−18 kcal/mol) than 75 nt RNA11 (−21.5 kcal/mol), which is not the cause of inhibition, as the reconstituted 65 nt RNA15 uses the same shorter duplex. (**B**) Diagram of parental and converted ES2 for full-round editing (the arrow indicates the direction of conversion). The duplexes (boxes) flanking ES2 include Watson--Crick (bar) or non-standard (dot) pairs. Additional sequence not shown is indicated by the dots. As reference, asterisks indicate residues adjoining ES2 (arrowhead). Three Us were placed between them in the converted ES2. A potential base pair in the internal loop that favors insertion, but is not required for deletion, is depicted with a dotted line ([@b10]--[@b12]). The position (and predicted stability) of both upstream and downstream helices is conserved in both natural-like and converted RNA pairs. (**C** and **F**) A6 full-round deletion assayed with Q or D fractions, respectively, and the indicated 3′ end-labeled pre-mRNA. Accurate 3U deletion is indicated by an arrowhead, and all other labeling is as shown in [Figure 1B](#fig1){ref-type="fig"}. (C) Substrates 75 nt RNA11 to 48 nt RNA14, and (F) inactive 48 nt RNA14 with reconstituted derivatives bearing heterologous 5′ or 3′ terminal extensions, 65 nt RNA15 and 65 nt RNA16, respectively. (**D** and **E**) Plots of relative abundance of −3U RNA normalized to the efficient 65 nt RNA12 substrate, in Q and D peak fractions, respectively. Standard deviation and mean for all substrates are indicated as in [Figure 1](#fig1){ref-type="fig"}.](gki943f2){#fig2}

![Mutagenesis of CYb pre-mRNA for full-round insertion at ES1. (**A**) Sequence of the starting 66 nt substrate (RNA17), originally described by Igo *et al*. ([@b11]) and derivatives. The CYb gRNA is a 3U insertion version of the original gCYb\[558\]USD-2A ([@b11]). All labeling is as in [Figure 1](#fig1){ref-type="fig"}. (**B** and **D**) CYb insertion assays in Q and D fractions, with accurate 3U insertion products indicated by an arrowhead. (**C** and **E**) Plots of relative accumulation of +3U RNA.](gki943f3){#fig3}

![Mutagenesis of CYb pre-mRNA for full-round deletion at converted ES1. (**A**) Sequence of the starting 70 nt RNA23, which is similar to 66 nt RNA17 in [Figure 3](#fig3){ref-type="fig"}, but with converted ES1 for 3U deletion, and derivatives. The gRNA was modified to mimic a guiding region directing deletion. All labeling is as in [Figure 1](#fig1){ref-type="fig"}. (**B**) Diagram of parental and converted ES1 for full-round editing and flanking duplexes. Additional sequence not shown is indicated by the dots. (**C** and **E**) CYb deletion assays. (**D** and **F**) Plots of relative accumulation of −3U RNA.](gki943f4){#fig4}

![The establishment of an RPS12 pre-mRNA substrate for full-round deletion and insertion at natural and converted ES2. (**A**) Sequences of 70 nt RNA29 and 112 nt RNA30 for deletion and 43 nt RNA31 for insertion with partially complementary gRNAs. All labeling is as in [Figure 1](#fig1){ref-type="fig"}. (**B**) Diagram of parental deletion and converted insertion ES2. (**C** and **D**) Deletion and insertion assays in peak D fraction with controls devoid of gRNA. Additional sequence not shown is indicated by the dots.](gki943f5){#fig5}
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